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Abstract
In this letter, we analyze a conceptual design for the operation of an Otto cycle heat machine driven by
adiabatic modifications on the electronic effective mass. Such tailoring of it can be implemented, for
instance, via the application of external electron fields in somematerials, as in GalliumNitride (GaN).
We show that due both the energy quantization on this structure and the adiabatic transformation of the
effectivemass, themachine performance can be improved. The realization of classically inconceivable
Otto machines, with an incompressible working substance, can be realized as well. Our finds hold in
cases where the electronic effective mass, in the low temperature regime, remains constant during the
isochoric strokes.
1. Introduction
In the field of quantum thermodynamics[1], an active
branch of research is the investigation of quantum heat en-
gines(QHE), the devices that convert the heat energy into
work by means of a quantum system as their working sub-
stance [2]. This topic has been attracting a lot of interest over
the last few years. From the fundamental point of view, the
conceptual designs of such engines are proposed[3]. Here,
we intend yet to propose a conceptual design of such a QHE,
for electronic systems. As it is well known, the carrier effec-
tive mass has an important role in electronic systems[4]. It
is parameter that can be tailored in some materials by apply-
ing electric fields[5, 6]. The GalliumNitride (GaN) supports
higher critical electrical field which makes it very attractive
for power semiconductor devices. The electronic effective
mass of GaN can be adjusted by the application of electric
fields across it and its exact value depends on the electron
density and scattering time[7].
In this paper we will examine an Otto engine operated
with an ideal electron gas contained in an one-dimensional
(1D) infinite well potential. The problem is modeled by a
single electron with an effective mass as, for example, that
in GaN.We consider the adiabatic application of the electron
fields, tailoring the effective mass which in turns changes the
energies of select quantum states. In what follows, we will
consider the electrons confined in such a structure consider-
ing that the electron effective mass keeps its value in the low
temperature regime[8]. Therefore, we will consider the elec-
tronic effective mass constant during the isochoric strokes.
2. The quantum Otto cycle for an electron in a
box
TheOtto cycle, depicted in Fig. 1, consists in four strokes
that connect different states of the system, A, B, C andD.“c”(“h”)
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labels cold(hot). In the first stage, the electron (working sub-
stance) with an effective mass 푚ℎ is coupled to a hot bath of
temperature 푇ℎ. The Hamiltonian is 퐻ℎ = 푃
2
2푚ℎ
, where 푃 is
the momentum operator. Some heat is transferred from the
heat bath to the working substance. The infinitesimal heat
transferred can be written as 푑̄푄ℎ = ∑푛 퐸푛,ℎ푑푝푛,ℎ, with
푛 = 1, 2, ... During this process, the occupation probabili-
ties, 푝푛,ℎ(given in terms of the Fermi–Dirac statistics in thecanonical ensemble), are modified and each eigenenergy is
kept fixed at 퐸푛,ℎ. In A, the occupation probability of the
푛푡ℎ-level is 푝푛,퐴. The size of the system is 퐿ℎ. In the sec-ond stage, the working substance is isolated from the hot
bath and undergoes an adiabatic process in which the effec-
tive mass is adiabatically modified until it reaches a value
푚푐 at B. The Hamiltonian at 퐵 is 퐻푐 = 푃
2
2푚푐
. By keeping
the process adiabatic, it ensures that the level populations do
not change, according to the quantum adiabatic theorem[9].
Then, 푝푛,퐴 = 푝푛,퐵 . The change in the energy of the systemcan be attributed solely to work, which we call 푊퐴퐵 . Itsgeneral infinitesimal form is 푑̄푊 = ∑푛 푝푛푑퐸푛[10]. Next,the system is coupled to a cold thermal bath at temperature
푇푐 and it reaches thermal equilibrium at C. Thus, the occu-pation probability for the 푛푡ℎ-level eigenenergy of퐻푐 at 퐶 iswritten as 푝푛,퐶 . The size of the system does not change andthe change in the energy of the system can be attributed to
heat exchange with the cold bath, 푑̄푄푐 = ∑푛 퐸푛,푐푑푝푛,푐 . Inthe following stroke, the system is decoupled from the cold
bath and the electric field is adiabatically changed, return-
ing the size of the system to 퐿ℎ and the effective mass tothe value 푚ℎ at D. The level populations do not change, sowe have 푝푛,퐷 = 푝푛,퐶 . Therefore, all the energy exchangedis work, which we call 푊퐶퐷. The thermodynamic cycle isthen, closed. The heat exchanged with the baths is given by
the energy difference between the initial and the final states
of the isochoric strokes. Then,
푄ℎ = ⟨퐻ℎ⟩퐴 − ⟨퐻ℎ⟩퐷 =∑
푛
퐸푛,ℎ
[
푝푛(퐴) − 푝푛(퐶)
] (1)
and
푄푐 = ⟨퐻푐⟩퐶 − ⟨퐻푐⟩퐵 =∑
푛
퐸푛,푐
[
푝푛(퐶) − 푝푛(퐴)
]
. (2)
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Figure 1: A Quantum Otto Cycle for an electron system in an
infinity box. The adiabatic strokes are consisted in modifica-
tions in the electronic effective mass by the application of an
external electrical field. In the isochoric ones, the electronic
effective mass remains constant provided 푇푐 and 푇ℎ are kept in
the low temperature regime.
By energy conservation, the net work after completing a cy-
cle will be given by
푊 = −푄ℎ −퐷푐 . (3)
Considering the case where only the first two levels are pop-
ulated( 퐸1 ≡ 퐸푔,푖 and 퐸2,푖 ≡ 퐸푒, 푖 =, ℎ, 푐), the Eq. 3 yieldsthe efficiency as[11]
휂 = −푊
푄ℎ
= 1 −
Δ푐
Δℎ
= 1 −
푚ℎ
푚푐
(
퐿ℎ
퐿푐
)2
. (4)
In order to derive Eq. (4), we considered an electron in an
1D infinity box, so 퐸푛 = ℏ
2휋2푛2
2푚퐿2 , 푛 = 1, 2, 3, ... We wrote
Δ푐 = 퐸푒,푐 − 퐸푔,푐 and Δℎ = 퐸푒,ℎ − 퐸푔,ℎ. We have also used
푝1(퐴)+푝2(퐴) = 1 and 푝1(퐶)+푝2(퐶) = 1. The condition for
work extraction, 푊 < 0, is 푇ℎ푇푐 >
Δℎ
Δ푐
> 1. For a two-level
system, the probabilities are canceled out in it. In the Fig.
2, we plot the efficiency normalized to the Carnot efficiency
versus the compression ratio, 푟 ≡ 퐿푐퐿ℎ , for fixed values of 푚ℎ푚푐 .
This last one is given by 휂퐶푎푟 = 1 − 푇푐푇ℎ = 1 −
1
푟훾−1퐶푎푟
, where
푟퐶푎푟 is the compression ratio and 훾 = 퐶푝퐶푣 is the ratio of spe-cific heats at constant pressure and at constant volume. By
tailoring the effective mass, we observe the engine operation
at Carnot efficiency and it can be modified in comparison to
the common Otto machine(constant mass). A quantum en-
hanced performance is observed for 푚ℎ < 푚푐 and it can betraced to the change in the relation between temperature and
the population distribution for the adiabatic modifications in
the effective mass due to the application of electric fields.
The efficiency is reduced otherwise. We emphasize that this
analysis relies only on energy quantization and the constant
level populations in adiabatic strokes. The ratio, 푚ℎ푚푐 , couldbe optimized for reaching maximum work extraction at any
compression ratio. The realization of an Otto machine with
an incompressible working substance, for which 푟 = 1, can
Figure 2: Efficiency normalized to Carnot efficiency versus the
compression ratio, 푟, for fixed values of 푚ℎ
푚푐
. We considered
훾 = 3 and 푇ℎ
푇푐
= 12. In this case, 푟퐶푎푟 = 3.464101615. Notice
that the adiabatic changes in the electronic effective mass lead
to existence of engines in regions where the work extraction is
not expected in the constant mass case.
be realized. The efficiency at maximum power output, for in-
stance, should be latter addressed, at first, in the framework
of endoreversible thermodynamichs[12].
3. Concluding Remarks
In this contribution, we addressed an Otto cycle heat ma-
chine driven by an electron gas in a 1D infinity box. By con-
sidering the adiabatic transformation of its effective mass,
we showed that the machine performance can be modified.
The realization ofOttomachineswith an incompressiblework-
ing substance, 푟 = 1, is possible to be implemented in such
an electronic system. By optimizing the ratio 푚ℎ푚푐 , a maxi-mumwork extraction at any compression ratio could be reached.
This work was intended study a concept rather than the im-
plementation of a practical protocol. We believe that exper-
imentally it would be easier to control the intensity of an ap-
plied electric field in the quantum well made up with GaN.
The change of temperature regime can be investigated else-
where.
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